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ABSTRACT

The main objective of this program was to determine whether there was an
effect of geometric model scale on the Inlet Temperature Rise (ITR) caused by recir-
culating hot exhaust gases from VTOL lift jet engines in static proximity to ground.
The approach used was to conduct small-scale tests in which ITR was measured over
a range of exhaust pressure ratio, exhaust gas temperature and surface wind velocity
for two configurations of a jet VTOL fighter-type model containing four lift jets and
comparing the results with large-scale data of similar configurations.

The small-scale tests were conducted at the Bell Aerospace Company Jet Im-

pingement Test Facility. These tests provided a range of simulated inlet and exhaust
conditions which included those typical of full-scale turbojet engines.
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THE EFFECT OF EXHAUST CONDITIONS,
SURFACE WINDS, AND GEOMETRIC SCALE ON HOT GAS INGESTION
FOR TWO JET VTOL CONFIGURATIONS

By Patrick E. Ryan and Wayne J. Cosgrove
Bell Aerospace Company

SUMMARY

Small-scale tests were conducted at the Bell Aerospace Company Jet Impinge~
ment Test Facility during 1969 to investigate the Inlet Temperature Rise (ITR) of two
fighter-type jet VTOL aircraft configurations. This program was sponsored by the
National Aeronautics and Space Administration's Langley Research Center under
Contract NAS1-9584.

Two 0.24 scale configurations of a NASA jet VTOL fighter-type model were
operated through a range of exhaust temperatures (900°F to 1400°F) and exhaust total
pressure ratios (1.1 to 2.0) at various wind speeds (0 to 55 fps) and azimuth directions
(0, 45° and 90°).

Temperature time histories measured at the simulated engine inlets were used
to compute steady state ITR values. The effects of exhaust pressure ratio, exhaust gas
temperature and surface winds on ITR were determined and observations on the func-
tional dependence of the variables were made. The small-scale ITR data were then
compared with large-scale data at conditions of (1) equal exhaust velocity and temper-
ature and (2) equal buoyancy. Poor comparisons resulted from both methods of
comparison, and the objective of determining an ITR scale factor was not realized.

The results indicate however, that further analyses of the data obtained in this
program are warranted. This effort would serve to empirically establish a valid
dynamic similarity parameter which is required to determine the existence and magni-
tude of an ITR scale factor.




INTRODUCTION

One of the most critical problems unique to jet VTOL aircraft when operating
near the ground is hot gas ingestion or inlet temperature rise (ITR). This ingestion of
heated air into the lift engine inlets can result in a severe loss in engine thrust, and
could prevent or severely restrict VTOL operations in ground proximity.

Several ITR investigations have been conducted using both large and small-scale
models (Reference 1 through 16) and a general discussion of the shortcomings of
theoretical analysis of this problem is contained in reference 17. The results of these
evaluations have provided much insight into ITR effects; however, many important
questions still remain unanswered. Two of these are: (1) What are the effects of
exhaust conditions (exhaust pressure ratio and exhaust gas temperature) on ITR and
(2) Is there an ITR scale effect associated with geometric model scale ?

The first is important because exhaust conditions are prime operating charac-
teristics of jet engines. The effect of these characteristics on ITR is useful in the
selection of power plants for jet VTOL aircraft design. In addition, this information
is required to provide a valid basis for comparison between small-scale and large-
scale data for the establishment of valid scaling factors.

The second question is economically important. I small-scale test data is
found reliable, then the necessary future experimental investigations may be more
economically accomplished through the use of small, more versatile models and test
facilities. :

These two questions were experimentally investigated during the course of this
program. The analysis of results and pertinent conclusions are presented in this
report.




SYMBOL LIST

nozzle effective diameter (diameter of circle whose area is equal to
the sum of the areas of all the individual nozzles), ft (m)

acceleration due to gravity, ft/ se02 (m/ secz)
exhaust nozzle height above ground plane, ft (m)
inlet temperature rise above ambient, °F

constant

pressure, psf (N/mz)

jet exit dynamic pressure, psf (N/mz)

ground wind dynamic pressure, psf (N/mz)

radial distance along ground plane from exhaust pattern center, ff (m)
Reynolds Number

wing planform area, ftz (mz)

total e};haust area at nozzle exit, ftz (mz)
Temperature, °F

excess exhaust gas temperature (Tj =T )s °F=°R
ground wind speed, fps (m/sec)

jet exit velocity, fps (m/sec)

mass flow rate, lbm/sec (kg/sec)




bar

LS

S8

Subscripts

ambient condition
barometric

jet nozzle exit condition
total condition

large scale

small scale

Greek

bulk coefficient of thermal expansion (reciprocal of ambient
temperature), °R™1

incremental change
absolute temperature, °R

surface wind azimuth angle, deg




TEST FACILITY, MODEL AND INSTRUMENTATION

Jet Impingement Test Facility

The Jet Impingement Test Facility, shown in Figure 1, provides variable hot
exhaust gas flows typical of conventional jet engine exhaust temperatures and pressures.
Simulated engine inlet flows are induced by a vacuum producing steam ejector system.
Facility controls and instrumentation readouts are located in the adjacent Aerodynamics
Laboratory.

Filtered compressed air and JP-4 fuel are metered to a combustor (modified
J-47 burner can) in the test area. Ignition of the fuel/air mixture is by electrical
spark. The combustor exhaust flow is ducted through relatively short insulated pipes
to the simulated jet engine exhaust nozzles in the model. Compressed air and fuel
pressure regulator systems maintain steady exhaust flow conditions during each test.
Exhaust flows with exit pressure ratios from 1.1 to 2.0 and exhaust temperatures from
500°F to 1700°F can be produced at a maximum exhaust flow rate of 2.8 1b/sec.

The main ground plane of the facility is rectangular, smooth and level to a mini-
mum radial distance of 13 ft. (approximately 49 equivalent diameters). A trap door
located in the ground plane directly beneath the model opens to ducting beneath the ground
plane whiech carries the hot jet exhaust gases away from the test site prior to test start.
This minimizes preheating of the surrounding ground plane and model during the pretest
engine start operation. An auxiliary ground plane (10 ft. by 8 ft.) scaled to the dimen-
sions of the test section platform of the NASA Langley Research Center full-scale wind
tunnel was positioned approximately 12 in. above the main ground plane. This ground
plane had a manually operated sliding trap door (36 in. by 18 in.) located directly below
the model. The closing of this trap door initiated test start.

The hinged roof of the test facility is raised to eliminate any trapping of hot
gases in the test area during test operations. During inclement weather, the roof is
closed to protect the test area and equipment.

The model and model flow systems are supported from above by a single, high
pressure hydraulic actuator. This provides unobstructed space around the model and
permits vertical positioning of the model to be remotely controlled from the control
panel in the Aerodynamics Laboratory.

A wind machine with a 6 x 10 foot exit section was used to produce simulated
ground wind speeds up to 55 fps. It was variously positioned in a 90 degree arc about
the test facility ground plane to provide simulated ground winds at headings ({) of 0,
-45°, and -90° to the model.




A servo operated probe was used to measure the temperature and pressure dis-
tribution in each of the exhaust jets of the model. The device consisted of total pressure
and total temperature probes connected to a hydraulic cylinder. An electrical potentio-
meter and servo valve system were used to remotely control the probe position with
respect to the exhaust nozzle.

Model

Two 0.24 scale model configurations (top inlets and side inlets) of the NASA
model described in Reference 1 were used. Both configurations featured four exhausts
located in the fuselage in a rectangular arrangement and a high delta wing with a plan-
form to jet exit area ratio (S/S;) of 43. This aluminum-stainless steel model was
thoroughly packed with thermaf insulation to prevent internal heat transfer from the hot
exhaust system to the inlet thermocouples. The top inlets configuration is shown mounted
for tests in figure 2. The exhaust gases from the combustor were quadracated and
supplied individually to each of the four 1.49 inch diameter convergent exhaust nozzles,
(De = 0.248 ft). The inlet line was similarly divided such that inlet flows were induced
individually through each of the four 1.92 inch diameter bellmouth inlets of the top
inlets configuration and each of the side inlets. The area of each of the side inlets
(approximately rectangular in cross section) was 5.88 sq. in.

Except for the aerodynamically insignificant difference at the aft end of the fuse-
lage (see figure 3), external model surface scaling was closely maintained to provide a
firm geometric basis from which ITR scale effects might be assessed. The tests were
conducted with the model at constant ground heights of h/ Dg = 1.2 and 3.0 for the side
and top inlets configurations respectively.

Instrumentation

In general, instrumentation consisted of 30 gauge (AWG) bare bead iron-con-
stantan thermocouples to measure inlet temperature time histories and pressure and
temperature probes to monitor internal model flow conditions. To simplify data reduc-
tion, the thermocouples of each inlet were electrically averaged as well as individually
recorded by oscillograph. The location of the inlet thermocouples for both model con-
figurations is illustrated in figure 4. Most of the internal model flow data were
recorded from manometer banks, point recorders, or gages. The temperature and
pressure probes used to determine the internal flow characteristics of both model
configurations were located as shown in figure 5. Nominal total inlet and exhaust flow
conditions (W, T, Pp) were measured in the supply lines upstream of the model.
Oscillographs were employed to collect permanent time histories of all the inlet temper-
atures, the wind conditions, and selected temperatures and pressures in the model
inlet and exhaust systems.

Ambient temperature was measured by a conventional mercury thermometer
as well as a specially shielded thermocouple. The two values were averaged to provide
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one reading. The random (prevailing) wind conditions were sampled prior to each test
using a hand held rotary arm anemometer. The surface wind produced by the wind
machine was monitored by means of a tachometer (direct drive engine RPM) and re-

corded permanently with an oscillograph. The generated surface wind was corrected to
account for random wind.




TESTS AND TECHNIQUES

During this program 159 tests were performed on the side inlets configuration
and 161 tests were conducted on the top inlets configuration. These included several
test runs to check repeatability, determine the effect of inlet flow rate on ITR, and ob-
tain data at intermediate wind speeds and at low values of jet exit velocity (Vj) . A
summary of tests conducted is presented in table 1.

The test procedure, which was the same for both configurations is outlined
below:

(1) The random wind speed was measured. Most of the tests were conducted
during the early morning hours to take advantage of the calm wind conditions. The
random winds were generally from zero to 2 fps and no tests were conducted when ran-
dom winds exceeded 5 fps.

(2) The wind machine was started and throttled to the RPM which would
produce the desired nominal wind speed.

(3) The trap door was opened and the simulated engines started.

(4) After two to three minutes, which was the time required to establish the
desired inlet and exhaust conditions and to heat the hardware to steady state, the steam
ejector was turned on and adjusted to give the desired inlet mass flow.

(6) A check was made of the test conditions, the oscillographs were activated
and the trap door was closed one to three seconds later (test start).

(6) After 16 to 20 seconds, the trap door was opened (end of test) and one to
five seconds later the oscillographs were turned off.

(7)  The inlet and exhaust pressure data were read from manometers and
manually recorded.

Prior to conducting any ITR tests, the model was adjusted to obtain vertical
impingement of all jets. In addition, temperature and pressure surveys of each exhaust
plume were made to insure that the impact pressure decay rates were similar to the
large-scale tests. During the tests, the variance in exhaust pressure ratio between
engine exits was held to within 1.5 percent. The inlet to exhaust total mass flow ratio
was held to within +20 percent.

The data reduction process used during this program was semi-automatic and
employed a Decimal Converter System and a high speed digital computer system to
compute the internal model flow conditions and the ITR derived from the electrical
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average circuit for each inlet. The inlet and exhaust flow conditions were calculated
using standard isentropic flow relations with the application of appropriate efficiency
factors that resulted from calibrations of the various ducts, orifices, and nozzles of
the test stand and model.

Since for several samplings, the ITR measured at each thermocouple at ran-
domly selected points in time when averaged were found to compare to within 1 percent
of the value obtained from the electrically averaged trace at this same point in time,
all ITR data were based on the electrically averaged value. It was assumed that all
electrically averaged values agreed to within at least 3 percent of the arithmetic average
for all tests during this program. The improvement in accuracy over the 5.2 percent
claimed in reference 2 was due to a change made to the electrical circuit which allowed
the operator to better match the individual sensitivities of each thermocouple channel.

The ITR at each inlet was determined in the following manner. Each oscillo-
graph record was examined and a time interval selected which was representative of
pseudo-steady state temperatures, and during which the test conditions were stable. A
typical oscillograph is represented in figure 6 and schematically describes the compu-
tation of ITR.




RESULTS AND DISCUSSION

The results presented herein provide information on the effect of exhaust
pressure ratio, exhaust gas temperature and surface winds on ITR as well as a dis-
cussion of correlating parameters, and finally a comparison between large-scale and
small-scale data to assess the effect of geometric model scale on ITR.

Presentation of Results

The basic small-scale data for both model configurations are presented first
followed by a presentation of these results in terms of selected correlation parameters.
The comparison between large and small-scale data is then presented along with
comments on the effect of geometric model scale.

The results are presented in the following figures:

Figure

Side Top
Inlets Inlets

Basic Small Scale Data

ITR vs PT,j/Pbar for various V, s¥=0 11 17
. . _ 9
ITR vs V_ for various PT,j/ Pbar P =0 1 18
ITR vs AT]. for various PT,]‘ / Pbar andV_, =0 13 19
ITR vs PT,j/Pbar for various V_ and | 14 20
ITR vs V_ for various P / Pbar and { 15 21
ITR vs | for various P /P and V 16 22
bar ©
Selected Correlation Parameters
ITR vs V“/Vj for various PT,j/ Pbar and Tj s U =0 23 25
ITR vs Vm/Vj for various V_ and § 24 26
ITR/AT vs V_ for various P /Pbar ,U=0 27 28
.V, i . = 9
ITR/ ATj Vs Pbar Vm/PT’J VJ for various PT,J/Pbar , =0 2 30

ITR vs V., at equal buoyancy conditions 31 31
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Figure

Side Top
Inlets Inlets

Large and Small Scale Data Comparison

T vs PT,j/ Pbar (large-scale exhaust conditions) 32 32
ITRvst,u;=0 : 33 36
ITR vs | at various V » 34 37
ITR vs Vm/Vj at various 35 38
(ITRLS - ITR SS) /ITRLS vs V_ (equal exhaust conditions) 39 39
ITR/ ATj vs buoyancy parameter o 40 40
(ITRLS - ITR SS) / ITRLS vs V_ (equal buoyancy conditions) 41 41

General Considerations

Various phenomenon associated with hot gas ingestion, some of which have also
been observed in other investigations (ref. 1 through 16), have been used to interpret
results of this study. Of particular interest is the observation (ref. 2, 3 and 4) that the
radial and reinforced ground jets are "peeled' by surface winds and blown back toward
the model. Reference 2 presents a discussion of the characteristics of the recircu-
lating flow field related to the model configurations used in this present program. The
graphic representation of the recirculating flow field from reference 2 is reproduced
here in figure 7. At relatively low wind speeds the hot gases are blown back over the
top of the model. As the wind speed increases, peeling occurs closer to the model (for
fixed exhaust pressure ratio) and the gases can be blown directly into the inlets. At
high wind speeds, distortion of the flow field is such that the gases are blown under-
neath the model resulting in very little or no ingestion. The fact that for a given wind
speed, peeling occurs closer to the model as exhaust pressure ratio decreases was
verified both by flow visualization (smoke, see figure 8) and measured ITR during this
test program. It is noted that the variation of the reinforced ground jet peeling distance
(x/ Dg) versus ground wind speed presented in figure 8 agrees well with that predicted
by the equation (qm/qj)"? = 2 r/Dg, developed from the work of Cox and Abbott in
Reference 18.
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In the interest of providing a basis from which to interpret the absolute values
of ITR presented in the data, the reader is advised that ITR is computed to an accuracy
of approximately +5°F. Repeatability of results presented in figure 9 verifies this accu-
racy band and shows that data for zero ground winds is not nearly as repeatable. This
inaccuracy of data at zero wind speeds is reflected throughout the data and is probably
due to the unstable characteristics of the fountain (ref. 2, 5, and 6) and the turbulent vis-
cous mixing of these fountain gases with an environment which is influenced by small
random winds. Data collected during this program indicated that small random winds
(less than 5 fps) do not appear to effect ITR at exhaust pressure ratios greater than
approximately 1.6, however are influential for pressure ratios less than approximately
1.6. It is noted in passing that the random fluctuation of ingestion by first one inlet and
then the other due to fountain instability, as discussed in reference 2, was again observed
during the present test series for the zero wind case only. As was noted in reference 2,
the technique of averaging the ITR at each inlet provided a means for determining the
ITR at Ve = 0.

To further establish confidence in the absolute value of ITR the generally good
agreement between the small-scale data measured during this program with data
measured in reference 2 is shown in figure 10. Both sets of data are at PT,' /Pbar =1.7,
and extrapolation of the reference 2 data have been made where required to "form the
basis of comparison at constant h/ D-

Basic Small-Scale Data

Side inlets configuration, § = 0°. - The variation of ITR with exhaust pressure
ratio for various wind speeds and exhaust gas temperatures for the side inlets con-
figuration is shown in figure 11. Here since | = 0°, flow symmetry was assumed and
the ITR at inlets 1 and 2 were averaged. ITR is seen generally to increase with in-
creasing pressure ratio for all V,, . It is also observed that in the limit (not shown), as
pressure ratio approaches unity, ITR tends to zero. Further, ITR approaches a maxi-
mum level near critical (choked flow) pressure ratios. For supercritical pressure
ratios, Vj is constant but additional mass flow (momentum) is supplied to the ground
jet, therefore for constant Ve peeling occurs even farther from the model resulting in
a decrease of ITR. The effect of wind speed is to raise or lower the general level of
ITR without significantly altering the characteristic variation of ITR with pressure
ratio except for wind speeds near that which yields maximum ITR. At this speed (from
15 to 30 fps) ITR is relatively independent of pressure ratio over the range tested. The
increasing decay rate of ITR with decreasing pressure ratio is evidence of the ground
jet peeling close to the model and passing back underneath the model away from the
inlets. It is noted that the observation at Vo = 0 made in Appendix E of reference 2,
"TTR was independent of inlet and exhaust conditions for this specific configuration
only," was, unfortunately, made for a very low ingestion configuration and the present
investigation does show a significant effect of exhaust nozzle pressure ratio and
temperature on ITR.
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Cross plots (figure 12) of the figure 11 data show the variation of ITR with
headwinds at various pressure ratios and exhaust gas temperatures. The character-
istic increase of ITR to a maximum and subsequent decrease with increasing wind
speed is observed. Increasing pressure ratio tends to make the slopes ( § ITR/8 V)
less steep over the entire wind speed range. In addition, both ITR, 55 and Ve at
ITR,,5x increase with increasing pressure ratio. These observations may again be
understood in light of the dependence of ground jet peeling on pressure ratio and Ve.

Additional cross plots presented in figure 13 illustrate the variation of ITR
with excess exhaust gas temperature for various pressure ratios and wind speeds. ITR
varies linearly with AT;, and when the curves were extrapolated linearly to the limit
(ITR =0 at ATj = (), it was found that ITR = kATj where the proportionality constant k
is a second order function of pressure ratio and V. The general form of an equation
relating ITR, pressure ratio and V is:

ITR = k (PT,j/Pbar’ Vo) ATj s
where the functional dependence of k on pressure ratio and V, appears to be determinate
from available data.

Side inlets configuration, | = -45° and -90°. - The variation of ITR with exhaust
pressure ratio, V., and § for the side inlets configuration at T; = 1200°F is presented
in figures 14, 15, and 16. In general, the ITR measured in the downstream inlet was
higher than that measured in the upstream inlet, which agrees with observations made in
references 1 and 2. The fact that the downstream inlet ingests the hottest air probably
results from a deflection of the forward flowing reinforced ground jet toward the down-
stream inlet which is located such (h/Dg, =1.2) as to be directly influenced by the high
temperature gases in this concentrated ground jet.. The general trends of ITR variation
with pressure ratio that were observed for the headwind case (see figure 11) are also
present for | = -45°. (See figure 14a.) Thus the general recirculation flow character-
istics of the peeled ground jet discussed earlier is apparently not significantly altered
for § = -45°. The effect of exhaust pressure ratio on ITR for { = -90° (see figure 14b)
is considerably different from the § = 0 and -45° cases. The recirculating flow field,
excluding fountain effects, is assumed to have the same general characteristics as the
headwind case. However, interpretation of the ITR trends in figure 14b is complicated
by the fact that the inlet faces are aligned parallel to the flow. It seems reasonable to
assume that distortion of the flow field by cross flows over the fuselage contributes to
these unusual data trends. The variation of ITR with Vs and { in figures 15 and 16
illustrates that high pressure ratios result in highest ITR over the entire wind speed
range tested. Additionally, the upstream inlet is seen to reach a minimum ingestion
level at | = -45° while the downstream inlet reaches a maximum. (See figure 16.) This
indicates that for this wind direction and these inlet locations, the high energy rein-
forced ground jets are distorted such as to influence the downstream inlet. The fact
that ITR at § = 0° is approximately equal to the ITR at | = 90° for the upstream inlet
lends credence to the above assumption that the general recirculating flow character-
istics about the model are similar for § = 0° and § = -90°.
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Top inlets configuration, § = 0°. - The variation of ITR with exhaust pressure
ratio for the top inlets configuration at various headwind speeds and exhaust gas temper-
atures is presented in figure 17. Again the flow symmetry assumption for | = 0° is
made and the average of the ITR at inlets 1 and 2 and inlets 3 and 4 are shown. The
general observations of the variation of ITR with PT /Pbar made for the side inlets
configuration are the same for this configuration, however, as expected, the general
level of ITR is much lower. Cross plots (figures 18 and 19) of the data in figure 17
show remarkable similarity to the trends observed for the side inlets with the major
difference being that top inlets are less sensitive to variations in exhaust gas temper-
ature. This indicates that the proportionality constant (k) between ITR and AT; is
dependent on geometry as well as PT,'/ Ppar and Ve . The functional dependence on
geometry is of course complex, but for the configurations tested during this program it
would include simply h/Dg and inlet location. A preliminary assessment of recircula-
tion path lengths resulting from an analysis of smoke pattern photographs from reference
2, peeling distances measured during this program (figure 8), and unpublished smoke
pattern photographs supplied by NASA, Langley, indicates that a recirculation path
length could be determined which would correlate the influence of h/ D, and inlet loca-~
tion. Final correlation of recirculation path length with h/ D, and inlet location, and
determination of the relationship between ITR and ATj including the effect of pressure
ratio and Ve could provide the basis for future studies using available data.

Top inlets configuration, § = -45° and -90°. - The variation of ITR with pres-
sure ratio for each individual inlet of the top inlets configuration is presented in figure
20 for various wind speeds and . It is noted that the trends are not significantly changed
with §, indicating that for top inlets, the presence of the wing effectively diminishes the
strong effect of the recirculating reinforced ground jet. Here, as expected, the upstream
inlets experience the highest ITR. Cross plots of the figure 20 data presented in figures
21 and 22 show that minimum ITR occurs at | = -45° and maximum ITR at ¥ =-90°.

Selected Correlation Parameters

To effectively model fluid flow phenomenon at small-scale, the flow system
must be geometrically, kinematically and dynamically similar to the full-scale system.
For the problem at hand, geometric similarity was maintained for the model, ground
plane expanse, model height above the ground plane, and relative wind direction. Al-
though the vertical and horizontal extent of the relative wind stream was not simulated
exactly, it was assumed to be adequate because in both the large and small-scale tests
the model was totally immersed in the free stream. Kinematic similarity was achieved
since both the large and small-scale models were stationary and both tests were con-
ducted over the same range of V,, . Dynamic similarity demands that the relationship
between the inertial, normal, shear and field forces be correctly maintained in the flow
system; i.e. dynamic similarity exists at similar points in each system if the ratio of
inertia force to viscous force and the ratio of inertia force to gravity force is main-
tained between the large and small-scale systems (see Reference 19).
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Complete dynamic similarity cannot, strictly speaking, be achieved in model
testing since both force ratios cannot be simultaneously maintained. - Generally, in any
given flow system one force ratio dominates and the other may be neglected. Histori-
cally, hot gas ingestion studies in the U.S. have been conducted for dynamic similarity
of inertia forces to viscous forces while work in Europe has emphasized scaling of
inertia forces to gravity forces. Both techniques have met with some measure of suc-
cess. Reference 20 has shown that '"results of detailed comparisons of recirculation
effects of a full-scale and geometrically similar small-scale VTOL lift engine pod,
operating at the same exhaust pressure/temperature conditions, have indicated that
the overall near flow~field, external thermal environment, and hot gas ingestion are
scalable, in terms of both dynamic and time-average characteristics'. On the other
hand, W. A. Abbott of the National Gas Turbine Establishment at Pyestock, England in
a restricted report dated March 1966, has shown reasonably good comparison of the
mean ITR between a small-scale model and the H.S. P1127 aircraft. The model tests
were conducted at buoyancy conditions nearly equal to full scale. Full-scale exhaust
conditions were not maintained. These two independent results indicate that the correct
method for small-scale testing of hot gas ingestion is not yet well defined.

The data collected during the present program provides a basis from which to
attempt an empirical determination of 2 dynamic similarity parameter. A stated objec-
tive at the outset of this program was to determine if Vw/Vj was the desired parameter.
When the small-scale ITR data was plotted versus this velocity ratio, (see figures 23,
24, 25 and 26) it was found that; (1) V, appeared as an independent parameter, and
(2) Ve/V; approached a constant value for fixed Vo, as the exhaust pressure approached
a critical (choked flow) pressure ratio. This indicated that Vw/Vj was not a correlation
parameter and that at best, trends of ITR vs Vm/Vj have signhificance only for sub-
critical pressure ratios. Thus the value of comparing large-scale with small-scale
ITR data on the basis of V/ Vj is questionable.

A methodology to determine a precise correlation of all the small-scale data
would consist of examining nondimensional parameters resulting from dimensional
analysis as well as determining the functional relationships between the dependent
variable (ITR) and each of the independent variables while holding all other independent
variables constant. The dimensional analysis would suggest the form of the parameter
while the functional relationships would indicate the relative importance of the inde-
pendent variables. Thereafter, with an awareness of a crude mathematical model of
the flow field along with the aforementioned information, the data would be plotted
against selected trial parameters (these selected parameters subsequently modified
as required) until correlation is achieved. Although such an effort was beyond the
scope of this program, several selected parameters were examined for correlation of
the small-scale data.

First of all the validity of normalizing ITR to AT, is verified in figures 27 and
28 for the side and top inlets configurations respectively. These curves indicate that
for a constant pressure ratio, the ITR at any of the three exhaust gas temperatures
tested, falls within a maximum band of ITR/AT; = +0.006 over the entire velocity range
which is consistent with the +5°F accuracy to which ITR is measured.
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The normalized ITR was then plotted versus various parameters which included :
(1) free stream to jet dynamic pressure ratio (qw/q .)s both compressible and incom-
pressible, (2) free stream to jet Reynolds Number rat1o Re / Ry) which accounted
for variations in temperature, viscosity and the ratio of specific heats in the exhaust jet
and free stream flows, (3) a dimensioned parameter, the ratio of free stream velocity
to exhaust momentum flux (Va/wJV )s and (4) velocity ratio divided by exhaust pressure
ratio (Pp,,.V Veo! P JV ). When ITR was plotted against each of these parameters, Ve
and/or exhaust pressure ratio showed as an independent parameter indicating that
correlation was not achieved. The best correlation was found using parameters (3) and
(4) above. It is seen that these parameters avoid the shortcoming of Va/V , i.e. tending
toward a constant value at critical or supercritical exhaust pressure ratlos To indi~
cate this near correlation, ITR normalized to excess gas temperature is plotted versus
Phar Veo! PT : Vs for all Vo, exhaust pressure ratios, and T; in figures 29 and 30 for
both model coni]1gurat1ons It is noted that the accuracy of data plotted along the ordinate
is from +0.003 to +0.006, the highest variance associated with T; = 900°F data, and the
lowest with the 1400°F data. A crude correlation is seen in figure 27 for 1.4 <PT ./
Ppar <2.0 which yields results within an accuracy band of ITR/AT; = +0.007. The
observation that correlation is better at high values of Pbarvw/ P JVJ than at low
values for the side inlets (figure 27) and vice versa for the top inlets (figure 28) is
probably due to configuration and/or h/Dg effects and should be interpreted as indicating
that a correlation band of thickness +0.007 persists over the whole range of Pbarve@/
Pr,jVj. In light of this near correlation, and since simulation of this parameter can
be attamed by testing at equal V;, T; and V, it appears that large and small-scale data
comparisons made at equal exhaust conditions should be valid.

Dimensional analysis yields the parameter, v.2 /g B AT;D, which represents
the ratio of jet kinetic energy per unit mass to buoyant forces in a fluid. This is also
recognized as the ratio of the jet Reynolds Number squared to Grashof Number. Cox
(reference 18) has shown a more suitable parameter for correlating experimental data
for a single jet case to be (V; /g B8 AT iDg) (6,/6;5 )2 . This says that model data should
be compared with full-scale data at equal Values of this buoyancy parameter, rather
than at equal exhaust velocity and temperature. It seems reasonable to assume that if
ITR were plotted versus this buoyancy parameter for various surface wind speeds,
wind speed would show up as an independent parameter in the plot. This was found to
be so for the data collected during this program over a buoyancy parameter range of
from 40,000 to 120,000. Additional tests were conducted to extend this range down to
16,000 for the top inlets case since the large-scale data were measured over a range
of this buoyancy parameter from 14,000 to 22,000. Summary curves of ITR/AT; versus
the buoyancy parameter at various V are shown in figure 31 for both model configura~
tions. These curves represent median values obtained from data plots presented in
the appendix.
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Large and Small Scale Data Comparison

Comparison of large and small-scale ITR data based on equal full-scale ex~
haust conditions can be made by simply interpolating the small-scale data at exhaust
conditions equal to the full-scale. The exhaust conditions range of the small -scale data,
however, is such that it lends itself to further analysis which permits an additional data
comparison based on equal buoyancy conditions. Comparisons made by these two methods
are presented in the following.

Prior to making these comparisons, the published large-scale exhaust pressure
data was examined for consistency. Since the large-scale model was powered by a turbo-
jet engine (GE-YJ85-7), the exhaust pressure ratio will vary with inlet temperature in a
manner characteristic of jet engines. The measured exhaust pressure ratio is plotted
versus inlet temperature for both model configurations in figure 32. These data were
faired to be consistent with the characteristics of the J-85-13 engine described in
reference 21 which are also shown in figure 32. These faired curves (solid lines) were
then used to prescribe the exhaust conditions at which the large-scale ITR data were
measured. :

It is also noted that since crosswinds were directed from the right side of the
small-scale model and from the left side of the large-scale model, ITR data at inlets 2
and 4 of the large-scale model were compared with ITR data at inlets 1 and 3 respec-
tively of the small-scale model.

Equal V,; and T. Comparison. - The large and small-scale data is compared at
equal exhaust conditions (V., T; L in figures 33 through 38. The comparison is poor.
This is further exemphfledJ in f1gure 39 where the percentage difference between the
large-scale and small-scale data is summarized for both configurations over the range
of headwind speeds tested.

Equal buoyancy conditions. - The curves in figure 31 were used to determine
small-scale ITR at the same V and buoyancy parameter as the large~scale data. The
required extrapolation was aided by the known end point that ITR = 0 when the buoyancy
parameter = 0, and the additional test data measured for the top inlets configuration. A
comparison of large and small-scale ITR at equal buoyancy parameter values is pre-
sented in figure 40 over the range of V, tested for both model configurations. Although
the general large~scale trends of ITR vs V., are reflected in the small-scale date,
figure 41 indicates that the difference between the large and small-scale data is not
consistent over the speed range, thus the comparison must be considered poor.

ITR Scale Factor

An important objective of reference 2 and the current program was to deter-
mine if a scale factor could be applied to the small-scale ITR data to reliably predict
large~-scale results. No consistent scale factor was apparent for the comparison methods

attempted.
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Possible explanations for the poor comparisons between the large and small-
scale data include: (1) full-scale exhaust and free stream conditions should not be
duplicated in model testing, (2) the effect of buoyant forces must be included to obtain
dynamic similarity in the flow field, (3) the assumption implicit in maintaining equal
exhaust conditions, that the recirculating path length varies as the linear scale factor
is not valid, and (4) large to small-gcale similarity in instrumentation, test techniques,
operating conditions, and data reduction, were not maintained. The first two explana~-
tions are indicated by the data and infer the existence of an as yet unknown dynamic
similarity parameter for use in hot gas ingestion studies. The third was examined in
a preliminary manner as alluded to earlier using available data (reference 2, figure 8,
and unpublished NASA smoke pattern photographs). It was found that the ratio of the
large-scale to small~scale reinforced ground jet penetration distance into the free
stream (normalized to equal V.) varied from 2.7 at headwinds of 20 fps to 2.0 at 60 fps.
This indicates that the recirculation path length not only does not scale as the linear
scale factor (4 in this case), but also the relative lengths between model and large-
scale varies with wind speed. Further experimental study of this observation is needed.
The fourth explanation is qualitatively evaluated in the following.

Instrumentation: The inlet thermocouples were located at similar positions in
both the large and small-scale models and temperature time histories were obtained on
oscillograph for all channels. The large-scale tests employed specially constructed 36
gage chromel-alumel thermocouple probes while the small-scale tests used 30 gage bare
bead iron-constantan. The differing response rates of these probes was of no conse~
quence (see reference 1) since in both cases data was collected over a relatively long
(approximately 12 seconds) time span and temperature data points were selected from
the time histories only after steady state conditions had been reached.

Test Techniques: The major difference in test techniques was that the large-
scale tests were conducted in a wind tunnel and the small-scale tests were conducted in
an outdoor facility which featured a large free jet as a wind source. The effect of
differences in the quality of the free stream air flow is not known.

Operating Conditions: Several apparently small differences existed. (1) The
small-scale tests were subject to small (less than 5 fps) random winds. These random
winds were measured and vectorially accounted for when defining V. (2) The large-
scale tests tended to heat the tunnel, however because of the short duration of each test
and the large volume of the wind tunnel the ambient temperature rise was estimated to
be no more than 2°F. (3) The large-scale exhaust conditions were not absolutely
controllable and varied with hot gas ingestion. Nominal values for exhaust pressure
ratio (based on a constant barometric pressure of 14.7 psi) and exhaust gas tempera~-
ture were used. The small-scale exhaust conditions were controlled and accurately
measured. An attempt to account for these differences was made as shown in figure 32.
(4) The boundary layer thickness along the ground plane was not measured for either
test series. It was assumed that geometric scaling of the ground planes would result
in scaled boundary layer thicknesses.

18



Data reduction: The large-scale ITR was calculated by manually determining
the average steady state temperature of each probe from oscillograph records and then
computing the arithmetic average of all thermocouples in each inlet. The ambient
temperature at the time of nozzle deflection was subtracted from this result to yield
ITR. The small~scale ITR was calculated as shown in figure 6. Since the basic concept
of the data reduction methods were similar, the ITR accuracies are assumed compatable.
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CONCLUDING REMARKS

Data from small-scale hot gas ingestion studies conducted at the Bell Aerospace
Company's Jet Impingement Test Facility along with comparisons with large-scale
NASA data have indicated the following conclusions:

1. ITR is proportional to exhaust gas temperature minus ambient temperature,
and the constant of proportionality is a function of exit pressure ratio and relative wind
speed.

2, Small random winds (less than 5 fps) do not appear to effect ITR at exhaust
pressure ratios greater than approximately 1.6, however are influential for pressure
ratios less than approximately 1.6.

3. The ratio of surface wind velocity to jet exit velocity does not appear to be
a valid normalizing parameter for hot gas ingestion data..

4. No ITR scale factor was apparent for the similarity parameters examined
in this report. The negative result may be due to small differences between the large
and small scale test techniques and operating conditions.

5. A more comprehensive evaluation of potential dynamic similarity para-

meters is required to determine that parameter which best correlates the large and
small-scale data.
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Figure 21. - Continued.
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Note: ITR is average of Inlets 1 and 2
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APPENDIX A

BUOYANCY PARAMETER CORRELATION

The empirical evaluation of candidate dynamic similarity parameters may be
accomplished by plotting the dependent variable (in this case ITR /ATj) versus the candi-
date parameter and examining the results for correlation with the independent variables:
Vw, Vj and Ty . This appendlx presents plots of ITR/ ATJ versus the buoyancy parameter
(Vj /g B AT; De)(ea/ 6j)2 > as an example of the method. Since Ve does not appear as a
factor in the parameter it has been extracted (plots made at constant V) and correla-
tion was sought only on V; and T;. Correlation is said to be good if Tj correlates (lines
of constant T do not appear to be functionally related) and the data scatter is no greater
than ITR/ ATj =+0.006. This criterion is based on the accuracy of measuring ITR (5°F).
Correlation is said to be fair if T; correlates but the data scatter exceeds ITR/ ATy =
+0.006, and is poor if Tj does not correlate. :

Data for the side inlets configuration are presented in figure A-1. Data for the
top inlets configuration are presented in figures A-2 and A-3. It is seen that generally,
good to fair correlation was achieved at low V, while the correlation was poor at high V.
Since good correlation did not persist over the entire Ve range, it was concluded that the
candidate parameter was not valid. For the sake of completeness, summary curves are
presented in figure 31.

A cursory énalys1s indicated that correlation was in some cases improved
when the term (ea/ B5) 2 in the buoyancy parameter was replaced by the forms (8 /GJ)
and (6 i/ 0,5)- Since correlatlon was sengitive to this term, further analysis to empirically
search for the best form of this term appears warranted.
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